Sensory signal processing in cortical layer IV involves two major morphological classes of excitatory neurons: spiny stellate and pyramidal cells. It is essentially unknown how these two cell types are integrated into intracortical networks and whether they play different roles in cortical signal processing. We mapped their cell-specific intracortical afferents in rat somatosensory cortex through a combination of whole-cell patch-clamp recordings and caged glutamate photolysis. Spiny stellate cells received monosynaptic excitation and inhibition originating almost exclusively from neurons located within the same barrel. Pyramidal cells, by contrast, displayed additional excitatory inputs from nongranular layers and from neighboring barrels. Their inhibitory inputs originated, as for spiny stellate cells, mainly from neurons located in the same barrel. These results indicate that spiny stellate cells act predominantly as local signal processors within a single barrel, whereas pyramidal cells globally integrate horizontal and top-down information within a functional column and between neighboring barrels.
Introduction
In the primary somatosensory cortex of rodents, layer IV neurons are arranged in discrete clusters (barrels) (Woolsey and Van der Loos, 1970 ) that receive a topographically organized input from their respective principal whisker on the contralateral side of the face (via the whisker-to-barrel pathway) (Jones and Diamond, 1995) . From layer IV the information is transmitted within a functional barrel-related column predominantly to layers II/III and subsequently to infragranular layers (Armstrong-James et al., 1992; Petersen and Sakmann, 2001) . In addition to these vertical intracolumnar pathways, neuronal activity is transmitted via horizontal projections in supragranular (Feldmeyer et al., 2002) as well as infragranular layers Schubert et al., 2001a) to the neighboring barrel-related column. Such transcolumnar interactions may be a primary mechanism for the generation of multiwhisker receptive fields (Simons, 1978; Simons and Carvell, 1989; Armstrong-James et al., 1992) .
Circuits within and between barrel-related columns are not well understood. Neuroanatomical (Kim and Ebner, 1999) as well as recent in vitro and in vivo electrophysiological studies (Goldreich et al., 1999; Laaris et al., 2000; Petersen and Sakmann, 2000) seem to indicate that a direct barrel-to-barrel pathway does not exist to a significant extent. Thus, thalamocortical connections (Petersen and Diamond, 2000) as well as horizontal interactions in supragranular and infragranular layers (Petersen and Sakmann, 2001 ) were suggested to assemble multiwhisker receptive fields.
Another unresolved question is in which way the morphologically heterogeneous excitatory neurons in layer IV, i.e., spiny stellate cells and pyramidal cells, contribute to intracortical circuits. These two main morphological groups coexist not only in layer IV of the rat barrel cortex (Simons and Woolsey, 1984) but also in other sensory cortices of various species (Jones, 1975; Tarczy-Hornoch et al., 1998; Smith and Populin, 2001; Yabuta et al., 2001) . A recent in vivo study indicates that, in fact, spiny stellate and pyramidal cells within barrels show different response dynamics after whisker deflection (Brecht and Sakmann, 2002) .
To map the intracolumnar and transcolumnar synaptic inputs to barrel-related neurons, we performed whole-cell recordings from visually identified and biocytin-labeled spiny neurons in layer IV of rat barrel cortex in vitro. Presynaptic neurons were stimulated by focal caged glutamate photolysis (Callaway and Katz, 1993; Kötter et al., 1998; Sawatari and Callaway, 2000; Staiger et al., 2000; Schubert et al., 2001a) , and the resulting monosynaptic postsynaptic potentials were used to construct detailed maps of the functional synaptic inputs onto layer IV spiny stellate and pyramidal neurons.
Our data indicate that layer IV barrels do not entirely function as an array of independent parallel processors (Goldreich et al., 1999) but rather possess cell type-specific circuits allowing significant intracolumnar feedback and even direct barrel-to-barrel interactions. Feedback may allow a top-down modulation of layer IV circuits during sensory learning Harris et al., 2001 ), whereas horizontal pathways may provide a mechanism for an early integration of multiple discrete sensory signals into a unified neuronal percept (Gilbert et al., 1996) .
Part of this study has been published previously in abstract form (Schubert et al., 2001b) .
Materials and Methods
Slice preparation and chemicals. Coronal slices from rat somatosensory cortex containing the barrel cortex (Paxinos and Watson, 1998) were prepared by standard methods (Schubert et al., 2001a) . Male Wistar rats (postnatal days 18 -22) were deeply anesthetized with enflurane and decapitated. Blocks of tissue containing the barrel cortex were excised, quickly removed from the skull, and stored in ice-cold artificial CSF (ACSF) oxygenated with carbogen (95% O 2 /5% CO 2 ). Normal ACSF consisted of (in mM): 124 NaCl, 1.25 NaH 2 PO 4 , 26 NaHCO 3 , 1.6 CaCl 2 , 1.8 MgCl 2 , 3 KCl, 10 glucose, at pH 7.4. To block synaptic transmission, modified ACSF containing 0.2 mM CaCl 2 and 4 mM MgSO 4 (low Ca 2ϩ / high Mg 2ϩ ACSF) was used. The tissue block was glued to the chilled platform of a Vibratome (Series 1000; TPI, St Louis, MO) and submerged in ice-cold carbogenated ACSF. Slices of 300 m nominal thickness were cut and incised along the midline to separate the hemispheres. The slices were stored in an incubation chamber containing carbogenated ACSF at 34°C for at least 1 hr. Slices were then transferred to the recording chamber and submerged in ACSF at a flow rate of ϳ1 ml/min at 32°C. Caged glutamate [L-glutamic acid, ␥-(␣-carboxy-2-nitrobenzyl)ester; Molecular Probes, Eugene, OR] was dissolved in ACSF and added to the circulating ACSF, resulting in a 1 mM concentration.
Identification of layer IV spiny neurons. Slices were placed in a fixedstage submerged chamber under an upright microscope (Axioskop FS; Carl Zeiss, Göttingen, Germany) fitted with a 2.5ϫ and 40ϫ waterimmersed objective (40ϫ/0.75 W; Olympus, Hamburg, Germany) (Staiger et al., 2000) . The barrel field was visualized at low magnification under bright-field conditions (see Fig. 1 ), and a target region within a layer IV barrel was selected for cellular recording. Individual neurons were visually identified at 40ϫ magnification using infrared enhanced quarter-field illumination.
Electrophysiology. Whole-cell patch-clamp recordings from layer IV spiny neurons were performed in current-clamp mode using patch pipettes (4 -6 M⍀) fabricated from borosilicate glass capillaries (1.5 mm outer diameter, 1.16 mm inner diameter; Science Products, Hofheim, Germany) on a PP-830 puller (Narishige, Tokyo, Japan). Pipettes were filled with (in mM): 13 KCl, 117 K-gluconate, 10 K-HEPES, 2 Na 2 ATP, 0.5 NaGTP, 1 CaCl 2 , 2 MgCl 2 , 11 EGTA, and 1% biocytin. After obtaining a stable seal of Ͼ1 G⍀, the whole-cell configuration was achieved by gentle suction. Data were not corrected for the junction potential. A bipolar tungsten electrode placed in deep layer VI was used for electrical afferent stimulation (200 sec, 0.1 Hz).
Scanning of glutamate-evoked activity. The setup and experimental procedures for photolysis of caged glutamate have been described previously (Schubert et al., 2001a) . For local stimulation, UV light pulses from a Xenon arc lamp (TILL Photonics, Planegg, Germany) were focused on 50 ϫ 50 m large areas. The illumination intensity was calibrated by a circular linear-wedge neutral density filter (D r ϭ 0.0 -2.0) (Melles Griot, Irvine, CA) to a value that ensured action potential generation only on perisomatic photostimulation (Schubert et al., 2001a) . In addition to layer IV spiny neurons (n ϭ 40), also other neurons in layers II/III, IV, V, and VI (n ϭ 61) were recorded and stimulated at the resting membrane potential (V rmp ) of the cell. Action potentials could not be elicited by photostimulation at distances Ͼ100 m from the soma in any of these control experiments. While the synaptic connectivity was mapped, the cell was held at a potential (V hold ) of Ϫ60 mV in current-clamp mode to reveal hyperpolarizing inhibitory synaptic inputs. The intrinsic properties of the recorded cells were controlled before and after termination of each map.
Data acquisition and analysis of glutamate-induced activity. The signals were amplified (SEC-05L; npi-electronics, Tamm, Germany), filtered at 3 kHz and digitized using an ITC-16 interface (Instrutech, Port Washington, NY). Data were recorded, stored, and analyzed with PC-based software (TIDA 4.1 for Windows; Heka Elektronik, Lambrecht, Germany). After recording, slices were photographed in the bath chamber to document the topography of barrel-related columns and layers as well as the position of the recording and stimulating electrode.
To distinguish between flash-induced activity and spontaneous activity, integral values of all spontaneous events within a time window of 150 msec were determined for each cell. The highest integral value of spontaneous activity obtained in 20 control recordings for each cell was set as the cell-specific activity threshold. These control recordings were performed directly before mapping in ACSF containing caged glutamate without preceding photostimulation. Because inhibitory spontaneous activity was very rare, only integrals of excitatory spontaneous events were calculated. To identify glutamate-induced activity, integral values of all excitatory events after photostimulation in the same time window were calculated. Only activity that exceeded the cell-specific activity threshold was accepted as a glutamate-induced response. All integral values of glutamate-induced responses were corrected by the value of the cell-specific activity threshold.
Glutamate-induced responses were analyzed and superimposed on the respective sites of the slice photomicrographs. Statistical analysis was performed using multivariate ANOVA with post hoc pairwise comparisons (Bonferroni corrected) and unpaired two-tailed Student's t test (SPSS 9; SPSS Inc., Chicago, IL). Data are presented as mean Ϯ SD.
Histological procedures. After recording, slices were fixed in phosphatebuffered solution containing 4% paraformaldehyde at 4°C for 24 hr. For visualization of the biocytin-filled neurons, slices were processed using a previously described protocol (Angulo et al., 1999) . To visualize the barrel field, slices were also subjected to cytochrome oxidase histochemistry. Reconstruction and morphological analysis of the biocytin-labeled neurons were made using a Nikon Eclipse 800 (Nikon, Ratingen, Germany) attached to a computer system (Neurolucida; Microbrightfield Europe, Magdeburg, Germany). Soma area, number of primary dendrites, number of dendritic ends, total length of the dendrites, and length of the apical dendrite were determined for all layer IV spiny neurons (see Table  1 ). Data were not corrected for tissue shrinkage. The reconstructed cells were superimposed onto the photomicrograph of the native slice using standard graphics software.
Results
In the present study, a combination of whole-cell patch-clamp recording, topographic mapping of glutamate evoked activity, and subsequent morphological somatodendritic reconstruction was used to investigate the functional connectivity of layer IV spiny neurons in coronal slices of rat barrel cortex (Fig. 1) . All investigated neurons were localized within a barrel. The dimensions of the respective barrels were first visually determined in microphotographs of living unstained slices and then confirmed in the histologically processed cytochrome oxidase-stained slices (Fig. 1a,b) . 
Morphological and electrophysiological classification of layer IV spiny neurons
According to their somatodendritic morphology, we classified the biocytin-stained layer IV neurons as (1) spiny stellate cells (n ϭ 28; reconstructed, n ϭ 17) and (2) pyramidal neurons (n ϭ 18, including 8 star pyramidal cells; reconstructed, n ϭ 11) ( Table  1 ). The basic property of spiny stellate cells was the confinement of their dendritic tree to layer IV and the absence of an apical dendrite ( Fig. 2a) . Between two and nine primary dendrites emerged from the soma and bifurcated into several higher-order dendrites. In contrast to spiny stellate cells, pyramidal neurons possessed an apical dendrite, which extended out of the barrel into the supragranular layers without forming an extended terminal tuft (Fig. 2b) , and two to five primary nonapical dendrites emerged from the soma. Analysis of the electrophysiological properties of spiny stellate and pyramidal cells revealed comparable passive intrinsic membrane properties. However, their active membrane properties revealed two different types of action potential firing patterns (Table 1). In agreement with previous studies (Chagnac-Amitai and Connors, 1989; Feldmeyer et al., 1999 ) regular spiking (RS) neurons were found in both morphologically identified cell classes (Table 1) . After injection of suprathreshold depolarizing current pulses at resting membrane potential, RS cells fired regular trains of single action potentials with an average first interspike interval (first-ISI) of 22.9 Ϯ 10.1 msec and a second interspike interval (second-ISI) of 50.4 Ϯ 11.2 msec (n ϭ 22) (Fig. 2c) . Intrinsically burst spiking (IB) (Connors and Gutnick, 1990 ) cells, characterized by an initial high-frequency burst of usually three action potentials (first-ISI, 6.8 Ϯ 0.9 msec; second-ISI, 14.1 Ϯ 7.4 msec; n ϭ 25) (Fig. 2d) were also identified in both cell groups. Mean first-ISI as well as second-ISI values were significantly shorter in IB cells than in RS neurons ( p Ͻ 0.01). Correlation of first-ISI with second-ISI values revealed two clusters for each type of action potential firing pattern, i.e., RS versus IB (Fig. 2e) . However, spiny stellate and pyramidal cells were distributed nearly equally among these clusters, resulting in no correlation between the morphology of layer IV spiny cells and their intrinsic firing pattern.
Orthodromic stimulation in deep layer VI evoked a strong postsynaptic inhibition in spiny neurons. In all cells, orthodromic stimulation in deep layer VI elicited an EPSP, which was followed by a fast IPSP in 26 of 28 cells tested (Fig. 2f, asterisk) . In 15 of 28 cells the fast IPSP was also followed by a slow IPSP (Fig.  2f , double asterisk).
Neuronal activity elicited by local photolysis of caged glutamate
Focal photolysis of caged glutamate induced two types of activity in the recorded neuron: (1) direct responses caused by activation of glutamate receptors on the recorded cell and (2) synaptically mediated responses resulting from the suprathreshold activation of presynaptic neurons. To differentiate between these two types of responses, experiments in low Ca 2ϩ /high Mg 2ϩ ACSF were performed (Fig. 3a,b ) that blocked synaptic transmission (n ϭ 3). Under this condition, direct responses could only be recorded after stimulation of fields, which were restricted to the region containing the somatodendritic extensions of the recorded cell. Because of calibration of the UV flash intensity [for details see Schubert et al. (2001a) ], only stimulation of perisomatic fields induced a membrane depolarization sufficient to elicit an action potential (Fig. 3a1) . With increasing distance to the somatic recording site, amplitudes of flash-induced depolarizations decreased rapidly (Fig. 3a2 ). These direct responses followed the photostimulation almost instantaneously (Fig. 3b) . Short delayto-onset times of 0.2-0.8 msec were observed only on perisomatic stimulation. Stimulation of the remaining fields containing dendrites elicited responses with delays of 1-2.5 msec.
In normal ACSF, as for experiments in low Ca 2ϩ /high Mg 2ϩ solution, only perisomatic stimulation elicited an action potential (Fig. 3a1,c1) . As for other cell types in various cortical layers (see Materials and Methods), in none of the layer IV spiny neurons could action potentials be elicited in fields at distances Ͼ100 m from the soma. In normal ACSF, in addition to direct responses, synaptically mediated activity was evoked by stimulation of fields containing presynaptic neurons. Direct responses and synaptically mediated activity were clearly separated by their different delay-to-onset times (Fig. 3d) . Within the barrel of the recorded cell, the fastest synaptically mediated responses occurred after 5 msec after stimulus, whereas the slowest direct responses occurred at most 5 msec after stimulus. Excitatory synaptic inputs often consisted of two or more single EPSPs with amplitudes of 0.5-3 mV (Fig. 3c2) . These multiple EPSPs most likely resulted from activation of several presynaptic cells or of presynaptic IB neurons (Thomson, 1997) . Because neurons were held at Ϫ60 mV during mapping, IPSPs were detected as hyperpolarizing potentials (Fig. 3c3) .
For the topographic mapping of synaptic inputs onto layer IV neurons, we stimulated 450 different fields of 50 ϫ 50 m in size covering an area of all six cortical layers and two neighboring barrel-related columns (Fig. 1c) . For quantitative analysis of the spatial distribution of synaptic inputs onto layer IV spiny neurons, we determined the percentages of fields generating synaptic inputs after photostimulation for each cortical layer and column.
Intracolumnar synaptic inputs onto spiny stellate cells Spiny stellate cells (n ϭ 14) received the vast majority of their excitatory synaptic inputs from fields inside the same barrel (Fig.  4a) . On average, 52 Ϯ 14% of the tested fields in layer IV generated an excitatory response (Fig. 5a ). In contrast, Ͻ4% of the fields in the nongranular layers elicited an excitatory response. Three of 14 spiny stellate cells did not receive any excitatory synaptic inputs from outside the same barrel. From the remaining cells, five did not receive any synaptic inputs from supragranular layers. Of all nongranular layers, the most consistent sources for excitatory synaptic inputs onto spiny stellate cells were layers Va and VI (9 of 13 spiny stellate cells).
To quantify the average strength of excitatory inputs originating from fields in a certain layer or column, we calculated the integral of all detectable flash-induced EPSPs within a time window of 150 msec after stimulus for each trace (Fig. 5b) . All traces without any detectable stimulus-related activity were excluded from this quantification. Most of the excitatory inputs originating from fields within the respective barrel consisted of multiple high-amplitude EPSPs (0.19 Ϯ 0.18 mV‫ء‬sec), indicating extensive and strong intrabarrel coupling with other excitatory neurons. The average strength of excitatory inputs from all other layers was significantly weaker (0.04 Ϯ 0.03 mV‫ء‬sec; p Ͻ 0.01).
All spiny stellate cells received inhibitory inputs that originated predominantly from the same barrel (Figs. 4a, 5c) ; however, the percentage of fields in layer IV delivering inhibitory synaptic inputs was variable. Some spiny stellate cells received inhibitory inputs from Ͼ50% of the fields within their barrel (n ϭ 2); others received inhibitory inputs from Ͻ10% (n ϭ 5). Additional intracolumnar inhibitory synaptic inputs originated from lower layer III and layer Va. . f, Synaptic responses of layer IV spiny neurons. Spiny stellate as well as star pyramidal and pyramidal cells revealed one of the following firing patterns on injection of a suprathreshold depolarizing current pulse at resting membrane potential. In regular spiking cells, depolarizing current evoked a low-frequency train of single action potentials ( c). Intrinsically bursting neurons revealed an initial high-frequency burst consisting of an action potential followed by a depolarizing afterpotential with at least two spikes of decreasing amplitude ( d). The initial burst was followed by a sequence of single action potentials. e, Correlation of first-ISI versus second-ISI revealed two clusters representing the two types of action potential firing pattern: IB firing (small cluster at bottom left) and RS firing (larger cluster at top right). Data are shown for 46 spiny neurons (28 spiny stellate cells and 18 pyramidal cells). f, Postsynaptic responses of a spiny neuron to orthodromic electrical stimulation at different membrane potentials. The stimulus elicited an action potential and an EPSP followed by a fast (asterisk) and slow (double asterisk) IPSP.
Intracolumnar synaptic inputs onto pyramidal cells
In addition to their distinct morphological property of an apical dendrite, pyramidal cells (n ϭ 10) showed pronounced differences in their synaptic inputs when compared with spiny stellate cells. A representative topographic map of functional connectivity of a layer IV pyramidal cell is shown in Figure 4b . Within the barrel, 66 Ϯ 15% of the fields delivered EPSPs on stimulation, indicating strong intrabarrel excitatory interactions. In contrast to spiny stellate cells, however, all pyramidal neurons received numerous excitatory inputs from nongranular layers of the same column (Fig. 5a ). On average, 20% of the fields in nongranular layers generated excitatory inputs after photostimulation. Especially within the infragranular layers Vb and VI of the same column, the percentages of fields delivering excitatory inputs onto pyramidal neurons were significantly higher compared with spiny stellate cells (Vb, p Ͻ 0.01; VI, p Ͻ 0.01). Regarding the strength of intracolumnar excitatory inputs, we found no significant differences between pyramidal and spiny stellate cells (Fig.  5b) . Inhibitory synaptic inputs onto pyramidal neurons, as in spiny stellate neurons, predominantly originated in layer IV as well as from lower layer III and layer Va (Figs. 4b, 5c ).
Transcolumnar interactions
Transcolumnar synaptic inputs onto layer IV spiny stellate cells were observed only rarely. Only 2 of 14 spiny stellate neurons received excitatory and inhibitory synaptic inputs arising from the neighboring barrel-related column (Fig. 6a) . In contrast, 6 of 10 pyramidal neurons received numerous transcolumnar excitatory inputs. Representative topographic maps documenting transcolumnar synaptic inputs are shown in Figure 6 , a and b. On average, pyramidal cells received significantly more excitatory inputs from all layers of the neighboring column than spiny stellate cells (layer II/III, p Ͻ 0.01; layer IV, p Ͻ 0.05; Va, p Ͻ 0.05; Vb, p Ͻ 0.05; VI, p Ͻ 0.01) (Fig. 5a) . However, if transcolumnar connectivity was present, both cell types received excitatory synaptic inputs especially from the neighboring barrel. Photostimulation in the neighboring barrel could induce excitatory synaptic inputs from up to 20% of the fields. The strength of these excitatory transcolumnar inputs was similar for both cell types (Fig.  5b) . As illustrated in Figure 6c , excitatory transbarrel inputs usually consisted of multiple EPSPs. However, the average strength of these synaptic inputs (0.05 Ϯ 0.03 mV‫ء‬sec) did not reach the strength of excitatory intrabarrel connections. Inhibitory synaptic inputs from the neighboring column were altogether rare but could be observed in two spiny stellate and five pyramidal cells. These cells received inhibitory inputs mainly from the neighboring barrel, where 2-5% of the fields generated IPSPs after photostimulation, as well as occasionally from layer II/III and Vb (Fig. 5c) .
Layer IV neurons receiving transcolumnar synaptic inputs did not show a preferred location within the barrel. The spatial dimensions of the proximal dendrites in these neurons were similar to those observed in layer IV cells receiving no transcolumnar input, indicating that a different dendritic geometry may not account for the observed interactions.
Does functional connectivity correlate with intrinsic firing patterns?
In layer V, functional connectivity of excitatory neurons correlates with the active membrane properties of the cell and its morphology (Schubert et al., 2001a) . In the present study, however, layer IV spiny neurons showed no correlation between functional connectivity and the firing pattern of the cell. Neither within nor across the two identified morphological groups of layer IV spiny neurons did IB cells differ significantly from RS cells in terms of their excitatory or inhibitory functional connectivity (data not shown).
Discussion
Using a combination of in vitro whole-cell recordings, detailed mapping of excitatory and inhibitory synaptic inputs, and morphological reconstruction, we were able to demonstrate a cell type-specific input onto layer IV spiny neurons in rat barrel cortex. Whereas synaptic inputs onto spiny stellate neurons originate predominantly from the same barrel, layer IV pyramidal neurons receive additional excitatory and inhibitory synaptic inputs from supragranular and infragranular layers of the same barrel column and from the adjacent barrel (Fig. 7) . Our data imply that spiny stellate and pyramidal neurons in rat barrel cortex can be differentiated by their distinct intracortical synaptic inputs, indicating that the somatodendritic structure of a cortical neuron correlates with a distinct role in intracortical sensory information processing. In this processing, a strong local component is likely to be mediated by spiny stellate neurons, whereas pyramidal cells additionally contribute in a more global manner. The coexistence of these two cell types in layer IV is not unique for the rat somatosensory cortex. Other species, including primates, as well as other sensory cortices also show this feature (Jones, 1975 ; Tarczy Note that all direct postsynaptic events appeared within the first 3 msec after stimulus. c, Synaptic responses recorded in ASCF at a holding potential of Ϫ60 mV after local glutamate photolysis in a perisomatic field (c1), in a remote field containing one or more synaptically connected excitatory neurons (c2), and in a field containing at least one synaptically connected inhibitory cell (c3). d, Delay-to-onset distribution of glutamate-induced responses (n ϭ 24 neurons) recorded in normal ACSF. Although direct nonsynaptic responses appeared with a delay Յ5 msec, all synaptically mediated PSPs showed delay-to-onset latencies Ͼ5 msec. Yabuta et al., 2001 ). Interestingly, a correlation between the morphology of a cell and its role in cortical signal processing has recently been documented in the primary visual cortex of macaque monkey as well (Yabuta et al., 2001) , suggesting that cell type-specific parallel pathways might be a more general feature of cortical circuitry organization. These findings promote the idea that columnar circuits possess a common structural design (Mountcastle, 1997) . They further suggest that mechanisms of top-down modulation and horizontal integration contribute to signal processing in layer IV (Harris et al., 2001) , as already shown for feedforward excitation and inhibition (Miller et al., 2001b) .
Methodological considerations
The method as such was described and discussed in detail in a previous publication (Schubert et al., 2001a) . The main conclusion is that monosynaptic inputs to identified neurons are mapped with a (sub-)laminar resolution by stimulating neurons via photolytic release of caged glutamate. The fact that we use in vitro preparations necessitates the caveat that slicing of the brain results in loss of a substantial proportion of cortical circuitry. However, our goal to describe local columnar and neighboring transcolumnar pathways should not be compromised significantly, because we and others have shown previously that a great number of even more distant projections remain intact (Burkhalter, 1989; Staiger et al., 1999) . Another issue relates to the possibility that cortical functional connectivity in adolescent rats, as investigated here, partially represents a transient, developmental phenomenon. However, previous studies in somatosensory (Nicolelis et al., 1991; Miller et al., 2001a) and visual cortex (Borrell and Callaway, 2002) indicate that exuberant axonal connections exist only during the very early stages of ontogenesis and reach their mature pattern after the first postnatal week. In fact, at postnatal day 20, the general pattern of synaptic inputs onto spiny neurons, as revealed in this study, is likely to represent an adultlike stage of functional connectivity in rat somatosensory cortex (Nicolelis et al., 1991; Miller et al., 2001a) .
Local versus global information processing in layer IV barrel cortex
Layer IV spiny neurons in rodent barrel cortex are the main target of thalamocortical afferents originating from neurons in the ventroposteromedial nucleus (Benshalom and White, 1986; Staiger et al., 1996) . Whether layer IV barrels are interconnected via excitatory and inhibitory pathways (Armstrong-James et al., 1991; Fox, 1994; Gil et al., 1999) or function as an array of independent, parallel processors of afferent information (Goldreich et al., 1999; Kim and Ebner, 1999 ) is highly controversial. Previous extracellular tracing studies in rodent barrel cortex have demonstrated only poor direct barrel-to-barrel connections, suggesting that layer IV barrels are essentially isolated from transcolumnar horizontal interactions (Kim and Ebner, 1999 ). In con- trast, in vivo recordings strongly indicate that surround receptive fields of layer IV barrel neurons are predominantly generated intracortically by barrel-to-barrel interactions (ArmstrongJames et al., 1991; Fox, 2002) .
We demonstrate that layer IV spiny neurons may act as local or global processors, depending on their somatodendritic morphology. Although spiny stellate cells function predominantly in intrabarrel information processing, layer IV pyramidal neurons also receive transbarrel inputs and participate directly in translaminar and transcolumnar circuits. This finding is in good agreement with a recent in vivo study (Brecht and Sakmann, 2002) in which pyramidal cells showed stronger responses to multiwhisker stimulation than spiny stellate cells. Support for this conclusion comes also from other previous experimental studies: ϳ85% of the excitatory synaptic inputs onto layer IV spiny stellate cells originate from intracortical sources (Benshalom and White, 1986) , predominantly from other spiny stellate neurons in the same barrel (Feldmeyer et al., 1999) , indicating that a local network of spiny stellate cells operates in intrabarrel information processing and serves to separate the representations of single whiskers (Petersen and Sakmann, 2001) . The axonal projection of layer IV spiny stellate cells in sensory cortex is relatively narrow and seems to be restricted primarily to a single cortical column (Harris and Woolsey, 1983; Lübke et al., 2000) . In rat barrel cortex, short-range axonal connections within a single barrel are highly reliable, and unitary EPSPs can be sufficiently depolarizing to elicit an action potential in the postsynaptic cell (Feldmeyer et al., 1999) . Our observations on spiny stellate neurons are in good agreement with these previous reports. More than 80% of the intracolumnar excitatory inputs onto spiny stellate neurons originated from adjacent neurons within the same barrel. These intrabarrel connections represent the strongest synaptic inputs that we observed. They could be the critical component of circuits extracting the physical parameters of sensory stimuli encoded by individual sets of peripheral receptors. The second major intracortical source for excitatory inputs on spiny neurons in layer IV is known to be layer VI (Ahmed et al., 1994; Zhang and Deschênes, 1997) . In our experiments, however, this layer VI to layer IV connection turned out to be not very prominent in both investigated cells types. This probably relates to the weak synaptic efficacy of these excitatory inputs (Tarczy-Hornoch et al., 1999) .
Spiny stellate cells receive a weaker intracolumnar and transcolumnar synaptic input, possibly because they lack an apical dendrite. Morphologically, pyramidal neurons show a more extended and vertically polarized dendritic tree, which may explain their responses to intracolumnar inputs from extragranular neurons and transcolumnar inputs from the neighboring barrel. Layer IV pyramidal neurons might receive synaptic inputs from neurons located in the neighboring barrel mostly via axonal connections ascending to supragranular layers. Thomson and Deuchars (1994) suggested that synaptic connections even between closely spaced neurons might involve their distal apical dendrite (Thomson and Deuchars, 1994) . Recently, Lübke et al. (2000) demonstrated in rat barrel cortex that the axonal projections of layer IV (star) pyramidal neurons to supragranular layers fan out in a clustered manner, and a few of these collaterals innervate adjacent cortical columns. Postsynaptic targets of this layer IV to layer II/III projection are small caliber dendritic shafts or spines (Lübke et al., 2000) that could belong to layer IV pyramidal cells. They could be the critical component of circuits modulating local signal processing with horizontal and top-down information, thus providing the context of what is perceived by neighboring receptors and processed by hierarchically higher layers or areas. According to our results, top-down information is provided mainly by neurons in the infragranular layers. However, we occasionally found excitatory inputs originating also from the supragranular layers, especially for the layer IV pyramidal cells. The presumably low number of neurons involved in this layer II/III to layer IV connection may explain why such an interaction could not yet be revealed in paired recording studies (Feldmeyer et al., 2002; Thomson et al., 2002 ). Inhibitory synaptic circuits in layer IV are not well defined. A small percentage (10%) of all inhibitory inputs originated from the neighboring column (cf. Salin and Prince, 1996) , and these could contribute to transbarrel inhibition during cross-whisker stimulation (Simons and Carvell, 1989) . More frequent inhibitory synaptic inputs onto layer IV spiny neurons originated from intracolumnar sources (Salin and Prince, 1996) , and these inputs may sculpture the receptive fields of the excitatory neurons or synchronize the activity of neuronal ensembles within a barrel-related column. Under in vivo conditions, the strongest IPSPs are consistently evoked by the primary vibrissa (Moore and Nelson, 1998) , reflecting the prominent intrabarrel inhibition demonstrated in the present study. Morphological (Kisvá rday et al., 1985) as well as electrophysiological (TarczyHornoch et al., 1998) studies in cat visual cortex demonstrated that these local inhibitory synaptic inputs onto layer IV spiny neurons mainly originate from small basket cells. In rat barrel cortex, virtually all layer IV GABAergic neurons, which certainly include a population of basket cells, receive a strong thalamocortical input and project locally within their own barrel, thereby generating feedforward inhibition (Porter et al., 2001 ).
Functional implications
Intracortical connections undergo rapid experience-dependent modifications in their synaptic strength. Altered sensory experience ["whisker pairing" (Diamond et al., 1993) or "univibrissa rearing" (Fox, 1994) ] induces massive modifications in the re- . Schematic illustration of excitatory and inhibitory intracolumnar and transcolumnar synaptic inputs onto layer IV spiny neurons in rodent barrel cortex. Excitatory synaptic inputs are shown in gray; inhibitory inputs are shown in white. The density of synaptic inputs is represented by the number of arrows (1 gray arrow: 10% of fields generated EPSPs; 1 white arrow: 5% of fields generated IPSPs). The average strength of excitatory synaptic inputs is represented by the thickness of the arrows (thin arrow: Ͻ0.05 mV‫ء‬sec; medium arrow: 0.05-0.1 mV‫ء‬sec; thick arrow: Ͼ0.1 mV‫ء‬sec). Although spiny stellate cells receive predominantly intrabarrel synaptic inputs ( a), layer IV pyramidal neurons are additionally innervated from supragranular and infragranular layers and from the neighboring barrel ( b).
ceptive field properties of layer IV cells in adult rat barrel cortex. These modifications depend to a large degree on intracortical pathways within and between barrels (Armstrong-James, 1995; Fox, 2002) , most likely with a contribution of long-term potentiation-and long-term depression-like mechanisms (Feldman, 2000; Fox, 2002) . Because layer IV pyramidal neurons are the main target of synaptic inputs from the neighboring barrel, experience-dependent changes in barrel-to-barrel interactions may be mediated predominantly by changes in the efficacy of synaptic inputs onto layer IV pyramidal neurons. These connections were shown to play an important role in experiencedependent and lesion-induced reorganization at the cortical level (Armstrong-James et al., 1991 , 1994 Finnerty et al., 1999; Fox, 2002) . Subthreshold inputs originating from neighboring barrelrelated columns, together with thalamocortical connections (Petersen and Diamond, 2000) , may contribute to receptive field plasticity and reorganization of cortical maps when intracortical inhibition is reduced (Moore and Nelson, 1998; Moore et al., 1999) . The proposed circuits for local sensory signal processing and global integration of horizontal and top-down information are considered to represent mechanisms that enable sensory cortices to participate in the formation of behaviorally relevant memories (Harris et al., 2001 ). An important goal for further studies remains to show how these cell type-specific circuits interact and under what behavioral conditions they are used.
